One-dimensional deeply-etched periodic Si and SiO 2 structures were fabricated and had excellent vertical profiles (<0.5 deg.), ultrahigh aspect ratios (~80) and large etch depths (~20 µm). Low scattering optical loss can be expected by their extremely smooth surfaces.
Introduction
In recent years, nano-structure fabrication techniques have been extensively developed to meet the stringent requirements for constructing nano-scale electronic and optical devices. Dry etching techniques for Si and SiO 2 materials have been of particular interest as they play a central role in fabricating the nano structures that are used in such technical fields as Si-LSIs, microelectromechanical systems (MEMS) and optical devices. In these fields, there has been an increasing demand to develop deeply etched structures with a high aspect ratio, that are fabricated using an anisotropic etching process [1, 2] . In general, however, it is difficult to fabricate such deeply etched structures. We will describe a new technique for fabricating Si and SiO 2 -based deeply etched structures. The Si and SiO 2 periodic structure we obtained had an excellent vertical profile, an ultrahigh aspect ratio, and a large etch depth. The extremely smooth etch surface achieved lead to the production of excellent photonic structures with low light scattering losses. This technique can easily be applied to Si and SiO 2 -based optical devices, such as one-dimensional microcavity and periodic photonic crystal [3, 4] , that operate over wavelengths that range from ultra violet to near infrared.
Fabrication techniques and fabricated structures
The fabrication process for the high-aspect-ratio Si structure was based on the cryogenic inductively coupled plasma (ICP) etching procedure, where the Si substrate is cooled down with liquid nitrogen [5] . This low-temperature process produces a very steep profile because an oxide/fluoride blocking thin layer is formed on the sidewalls. Temperature, The RF power and the SF 6 /O 2 flow rate had been shown to affect the profile. By optimizing these parameters, we obtained an almost perfectly vertical profile for the etched structure. We fabricated one-dimensional Si periodic structures using a SiO 2 mask with a line-and-space pattern. The SEM image of a fabricated Si structure is shown in Fig.  1 U.S. Government work not protected by U.S. copyright perpendicular by less than 0.5 degrees. The etch depth is equal to 10 µm. The etch depth can be increased when a thicker mask is used, as shown in Fig. 1 (c) , the depth we reached was about 20 µm.
On the other hand, the fabrication process for the SiO 2 deeply-etched periodic structure was based on the thermal oxidation of a deeply-etched Si structure. After heating in an O 2 atmosphere (1000°C, for 90 min.), standing Si plates are completely converted to SiO 2 plates. Figure 2 shows the sequence of structural changes for a Si plate with a 12.5 µm deep etched as a function of the heating time. Although this process is quite simple, the oxidized structure still retains its original shape with each plate standing perpendicularly on the substrate. Neither damages nor fractures were observed in the structure. Constrictions were observed near the bottom of the plate after the oxidation process. Furthermore, the aspect ratio of the etched space is significantly improved from 7 to 16 after oxidation. This increase in the aspect ratio occurred because the plate width increased due to the volume expansion caused by oxidation. The final SiO 2 plate thickness is 1010 nm, which is 2.3 times thicker than the starting Si plate thickness. The thickness increase can be estimated from the SiO 2 molecular density to Si atomic density ratio.
Surface analysis
The surface smoothness for the side-walls of the original Si and the oxidized SiO 2 plates was observed using an AFM contact mode. Figure 3 shows the measured surface morphology. As shown in Fig. 3 (a) , the Si surface before oxidation had an undulation with a period of about 1.5 µm, which originated from the resist pattern. The amplitude of the undulation was, however, as small as 5-10nm. In addition, the rms of the surface roughness was only 0.6 nm. Thus, an extremely smooth surface resulted from the inherent nature of the cryogenic etching process. Such surface smoothness was further improved by the oxidation, as shown in Fig. 3 (b) . The surface undulation almost vanished; thus its amplitude was less than 5 nm. The rms of the surface roughness was still small and almost comparable to that of the original Si plate. Therefore, the surface of the fabricated periodic structure was extremely smooth when compared with the 
Summary
We successfully produced Si and SiO 2 deeply etched periodic structures that had ultrahigh aspect ratios and a large etch depths. The typical aspect ratio and etch depth obtained are 10-80 and 10-20 µm. The etch depth in this case is limited only by the etching mask. Therefore, a much larger aspect ratio and etch depth can be expected when the mask thickness is increased or when or other much harder mask materials are used. Furthermore, we obtained an excellent vertical profile for the standing plate. The vertical profile only deviated less than 0.5 degrees. We were able to produce an extremely smooth sidewall surface, whose rms was only 0.6 nm. Such Si and SiO 2 structures can be used for optical devices because low light scattering losses can be expected with extremely smooth surfaces. In addition, such optical devices operate over wavelengths that range from ultra violet to near infrared. One-dimensional microcavity and photonic crystal, where the light transmits perpendicularly to the standing Si or SiO 2 plates, are potential candidates for use in such optical devices.
